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Monovalent impurities on graphene can be divided into ionically and covalently bond impurities.
The covalent impurities cause universal midgap states as the carbon atom next to the impurity is 
effectively decoupled from the graphene n bands. The electronic structure of graphene suppresses 
migration of these impurities and making the universal midgap very stable. This effect is strongest 
for neutral covalently bond impurities. The ionically bond impurities have migration barriers of 
typically less than 0.1 eV. An asymmetry between anions and cations regarding their adsorption 
sites and topology of their potential energy landscape is predicted.
The discovery of graphene [1] and its rem arkable elec­
tronic properties [2, 3, 4] in itia ted  great research interest 
in this m aterial. P articu larly  prospective for applications 
is the extraord inarily  high charge carrier m obility ^  in 
graphene [1, 5, 6]. In com bination w ith a very high Fermi 
velocity v «  106 m /s  this makes m icron m ean free paths 
routinely achievable.
Away from the neu tra lity  point, the conductivity  
of graphene is weakly tem pera tu re  dependent and ap­
proxim ately proportional to  the carrier concentration n  
[7, 8]. The m echanism  lim iting the electron m obility in 
graphene is still under debate. C harged im purities are 
probably  the sim plest and thus the m ost n a tu ra l candi­
date  [9, 10, 11]. However, room -tem perature  experim ents 
w ith gaseous adsorbates such as NO2 have showed only a 
weak dependence of ^  on charged im purity  concentration 
[12]. Furtherm ore, recent experim ents [13] did not find 
any significant dependence of ^  on immersing graphene 
devices in high-K m edia such as ethanol and w ater (di­
electric constants k «  25 and  80, respectively) bu t this 
disagrees w ith another repo rt [14] in which a few m ono­
layers of ice increased ^  in graphene by «  30%. Because 
of the  experim ental controversy, alternative mechanisms 
such as scattering on frozen ripples [15] and resonant im­
purities [16, 17] were discussed. However, bo th  these 
m echanisms also have some weak points, ra th e r theo­
retical th a n  experim ental. There is still no real theory  
which would explain why the ripple struc tu re  becomes 
quenched and thus alm ost tem pera tu re  independent. As 
for the  resonant scatterers, in general, the  closeness of 
the im purity  quasilocal sta tes to  the neu tra lity  point nec­
essary to  make this m echanism  efficient looks ju s t acci­
dental. To discuss th is as the  m ain scattering  m echanism 
one needs, a t least, to  clarify the m echanism  which makes 
the resonant scatterers typical for graphene. Thus, the 
physics of charge carrier m obility in graphene, crucially 
im portan t for m ost of poten tia l applications, is not clar­
ified yet. Also, while im purities appear as undesirable 
residua from the graphene production process, chemical 
functionalization of graphene relies on im purities for con­
trolling its electronic properties as dem onstrated  recently
for hydrogenated graphene (graphane) [18].
For judging which im purities m ight determ ine electron 
scattering  in graphene and for optim izing chemical func- 
tionalization, the  m echanisms determ ining the im purity  
m obility need to  be known. In this letter, we consider 
monovalent adsorbates and show th a t these can be di­
vided into two separate  groups regarding the bonding 
mechanism: ionically and covalently bond im purities. To 
th is end, we present ab-initio calculations on H, Li, Na, 
K, Cs, F, Cl, Br, I, CH3 and  OH adsorbates on graphene. 
For these system s the electronic s truc tu re  and m igra­
tion  barriers are analyzed. The covalently bond im pu­
rities cause a characteristic m idgap sta te  derived from 
the graphene electrons. This sta te  tu rn s  out to  be very 
stable, as g raphene’s conjugated n  bonds enhance the 
m igration barriers of neu tral covalently bond im purities.
For a first principles description of the  graphene ad­
sorbate system s we perform ed density functional calcu­
lations w ithin the generalized gradient approxim ation 
(G G A )[19, 20] on 4 x 4 graphene supercells containing 
one im purity. The V ienna Ab Initio  Sim ulation Package 
(VASP) [21] w ith the projector augm ented wave (PAW) 
[22, 23] basis sets has been used for solving the resulting 
K ohn-Sham  equations. In this way we obtained relaxed 
structu res for the graphene adsorbate systems, to ta l en­
ergies, and orbitally  resolved local density of electronic 
sta tes (LDOS).
T he local electronic stru c tu re  of graphene in the vicin­
ity  of adsorbates (Fig. 1) can be grouped into two classes. 
The LDOS in the vicinity of adsorbates like Li or Cl ex­
hibits a sharp  resonance close to  Fermi level which is 
alm ost entirely localized a t the im purity. Besides this 
peak, the LDOS a t the nearest neighbor and a t the  next 
nearest neighbor of the im purity  exhibits the pseudogap 
characteristic for graphene. This is qualitatively  differ­
ent for the second group of im purities (Fig. 1 c) and 
d)). H and F  adatom s cause a m idgap sta te  characteris­
tic for Dirac fermions: W ith  the bonding p artn er of the 
im purity  in sublattice A the im purity  sta te  is localized 
in sublattice B and a t the  im purity  atom .
Every stable atom ic configuration under investigation
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Figure 1: (Color online) LDOS in different graphene adsór­
bate systems. (a-b) ionically bond impurities, (c-d) covalently 
bond impurities. a) Graphene +  Li, b) Graphene +  Cl, c) 
Graphene +  H d) Graphene +  F. For the impurity’s bonding 
partner in graphene and its nearest neighbor the pz projected 
LDOS is shown. The valence electron LDOS at the impurity 
site for ionically bond impurities is depicted in (e) and for 
covalently bond impurities in (f). In (a-d) and (f) the Fermi 
level is at E  =  0; in (e) the Dirac point is at E  =  0.
can be stric tly  grouped either into the class of strongly 
or weakly hybridized im purities, as can be seen from Fig. 
1 e)-f): Ionically bond im purities give rise to  a sharp  
acceptor (donor) level below (above) the Dirac point at 
E d =  0. The LDOS of covalently bond im purities is 
much broader and exhibits characteristic  resonances far 
below the Fermi level (between —10 eV and  —4eV ) as 
well as a m idgap sta te  a t the Fermi level.
As regards electron scattering  th is m idgap s ta te  is 
m ainly independent of the particu lar type of covalent im­
purity. The supercell band  structu res for H, CH3, OH, 
and F  covalently bond to  graphene are shown in Fig. 2 . 
The band  s tructu re  of graphene w ith adsorbed H and 
CH3 as well as those for graphene w ith F  and OH adsor­
bates coincide close to  the  Fermi level despite the differ­
ent in ternal s truc tu re  of the adsorbates. The coupling of 
the m idgap sta te  and the graphene bands can be quan­
tified in an effective  im purity  model H  =  H D +  H imp, 
where the  unpertu rbed  graphene bands are described by 
H d  =  5^ k e ( k )d \d k and the p e rtu rba tion  by
H imp =  eimpc^c I ^   ^Vk c^dk +  h .c ..
Here, the index k  =  (k, v) denotes crystal m om entum
Figure 2: (Color online) Supercell band structure of a) H and 
CH3 on graphene as well as b) F and OH bond covalently to 
graphene. Bands coincide close to the Fermi level (E  =  0) 
despite the different internal structure of the impurities.
Table I: Impurity energy and hybridization for the effective 
impurity model of the midgap state for different impurities. 
All impurities are placed on top of a C atom, which is at the 
total energy minimum for the covalently bond impurities and 
the anions Cl /  Br but not for the cations Li and Na.
£imp (öV) |F | (eV) £imp (öV) |F | (eV)
H -0.03 1.38 Li 1.17 0.22
c h 3 -0.11 1.40 Na 0.93 0.13
OH -0.70 1.30 Cl -0.79 0.43
F -0.67 1.30 Br -0.73 0.19
k and band  num ber v =  ± . e(k) is the  unpertu rbed  
graphene dispersion. The effective im purity  is character­
ized by its energy e;mp and its hybridization Vk w ith the 
graphene bands. In a supercell calculation a t the back- 
folded Dirac points k  =  K ± , this model simplifies to
i^mp A B
A* 0 0
B* 0 0
(1)
where the  zero block stem s from the graphene bands at 
the Dirac point and A  (B) are the  com ponents of Vk in 
the two different sublattices A (B). This allows to  derive 
the coupling strengths \ V \ =  +  \B \2 and e;mp from
the D FT energies of the  three bands closest to  the  Fermi 
level in the  supercell calculation as shown in table I .
The coupling |V | is m ainly independent of the in ter­
nal s truc tu re  of the covalently bond im purities. Hence, 
th is m idgap sta te  appears as a universal feature of all 
monovalent im purities which are strongly bond to  one of 
graphene’s carbon atom s.
k
3Table II: Migration barriers A E  and minimum energy site for 
ionically and covalently bond impurities.
site A E  (eV) site A E  (eV) site A E  (eV)
H t 1.01 Li h 0.31 Cl t,b < 0.005
CH3 t 0.63 Na h 0.09 Br t,b < 0.005
OH t 0.53 K h 0.06 I t,b < 0.005
F t 0.29 Cs h 0.04
Bonding H -atom s to  graphene and related  electron 
scattering has been analyzed in [24, 25, 26]. For the 
bonding p artn er of H, the n  bond to  its nearest carbon 
neighbors is broken and a a  bond w ith the H ad-atom  
is formed. The carbon bonding p artn er of H atom s has 
been found to  be decoupled from the graphene n-electron 
system  and the  resulting local im balance between the 
num ber of atom s belong to  each of the  two sublattices 
causes a m idgap sta te . The band  structures from Fig. 2 
and the coupling constants from Table I show th a t same 
mechanism  is effective for all monovalent covalently bond 
im purities on graphene.
In the following we show, th a t the  creation of this 
m idgap s ta te  by an im purity  covalently bond to  one 
carbon atom  enhances m igration barriers for covalently 
bond monovalent im purities in graphene. A com pari­
son to  ionically bond im purities is given. To find m igra­
tion  barriers for ionically bond im purities it is sufficient 
to  perform  stru c tu ra l relaxations w ith the im purities in 
three different high sym m etry adsorption sites: on top  
of a C -atom  (t-site), in the m iddle of a hexagon (h-site) 
and above the middle of a nearest neighbor C-C bond (b- 
site). The covalent im purities cause strong distortion  of 
the nearby bonds and require the m inim um  energy paths 
to  be calculated using the nudged elastic band  m ethod 
[27].
In agreem ent w ith [28], we find the energy m inim um  
for the alkali cations a t the h-sites and barriers as shown 
in table I I . The barriers decrease w ith cation size and are 
all (except for the  special case of Li) below 0.1 eV. The 
poten tia l energy landscape for the  cations consists of dips 
in the center of the hexagons bordered by a hexagonal 
net of banks. W ith in  this net spanned by the nearest 
neighbor carbon bonds, the  variation of poten tia l energy 
is by a factor of more th an  5 smaller th an  between the 
h-site and the t/b -sites .
This landscape is reversed for the  anions: Having their 
energy m inim a on the net and m axim a in the  center of 
the  hexagons, the anions can freely move on the graphene 
sheets. The fact th a t the height of the im purity  above the 
sheet is always minimized in center of the  hexagon, would 
result in the energy m inim um  being in the center of the 
hexagon for all ionically bond im purities if atom ic scale 
inhom ogeneities in the  screening charge of the im purities 
were negligible. The anions preferring the t- and b-sites
over the h-sites shows th a t inhom ogeneities in the screen­
ing charge corrugate the poten tia l energy landscape of 
the ions on the order some 10 meV.
W hile th is can be quite significant in the case of purely 
ionically bond im purities our calculations show th a t the 
poten tia l energy landscape for covalently bond im purities 
is by an order of m agnitude more corrugated. We find mi­
gration  barriers between 0.29eV  for F  and 1.01 eV for H. 
Notably, F  is the  im purity  w ith the highest absolute bind­
ing energy (1.99 eV) of all im purities considered, here, 
bu t it has the  sm allest m igration barrier w ithin the group 
of covalent im purities. For F  and OH we find the saddle 
point energy of the transition  p a th  significantly below 
the desorption energy, which is 0.91 eV for OH. This is in 
strong contrast to  H and CH3: For H the energy of the 
saddle point s ta te  is only 4 meV below the desorption 
barrier and moving a CH3-group from one carbon atom  
to  its nearest neighbor requires even overcoming the des­
orption  barrier of 0.63 eV. No saddle point configuration 
w ith the CH3-group in the middle of two neighboring C- 
atom s except for the CH3 being fully desorbed from the 
graphene sheet could be found.
a)
E (eV)
b) c)
Figure 3: (Color online) Electronic structure in the transition 
state. a) pz-LDOS at a carbon atom next to the impurity. 
Lower part: Band structures of graphene supercell with b) H 
and c) F impurities in transition state configuration. Contri­
butions from the impurity atoms are marked as fatbands.
For F, OH, and H the natu re  of chemical binding in 
the saddle point configuration can be understood from 
the supercell electronic properties shown in Fig. 3 . The 
LDOS a t the carbon atom s next to  the F  and OH im­
purities is very sim ilar to  the  LDOS in the vicinity of 
ionically  bond im purities like Cl or B r (see Fig. 1b).
4This is in con trast to  the case of H, where in addition 
to  a resonance a t 2eV, the  LDOS a t the carbon neigh­
bor of the  im purity  is broadened and exhibits a peak at 
—8 eV — sim ilar to  all covalently bond im purities in their 
m inim um  energy configuration. The H -im purity  causes 
a donor level and is a t the same tim e covalently bond, 
as the  supercell band  s tructu re  w ith contributions from 
the H im purity  m arked as fat bands further illustrates. 
There are contributions from the H s-orbital over the 
energy range from -10eV up to  +3eV , indicating strong 
hybridization of the im purity  orb ital w ith the graphene 
bands. This is very different from F  in the saddle point 
configuration w ith its valence orbitals contributing sig­
nificantly w ithin an energy interval which is an order of 
m agnitude smaller. In the transition  s ta te  F  and OH are 
ionically bond to  graphene.
The high barrier for H suggests th a t the form ation of 
a strong covalent bond in the transition  sta te  is highly 
unfavorable. The origin of this effect can be under­
stood from the model H am iltonian, Eqn. 1: W ith  the 
im purity  on top  of the bridge site, sublattice symme­
try  is preserved: A =  B  in Eqn. (1). The sym m et­
ric com bination of the two C -pz orbitals adjacent to  
the  im purity  </>+ =  ^ ( 0 , 1 , 1 )  will couple to  the  im pu­
rity  ^¡mp =  (1, 0 ,0 ). The antisym m etric com bination 
<j>- =  ^ ( 0 , 1 ,  —1) is decoupled and forms the analog 
of the m idgap s ta te  occuring for the im purity  on top  of 
a carbon atom : In the la tte r case, w ith the im purity ’s 
bonding partn er in sublattice A, one obtains B  =  0 and 
finite A in Eqn. (1). Thus, ^ 0 =  (0 ,0 ,1 ) is decoupled 
from the im purity  in the stable configuration. ^ 0 is non­
bonding and is therefore a t the energy of the Dirac point. 
4>- =  1, — 1), however, is an antibonding com bina­
tion  of neighboring C -pz orbitals. The ab-initio calcula­
tions show th a t the resonances derived from th is sta te  are 
more th a n  1 eV above the Dirac point, unoccupied and 
not available for screening the additional positive charge 
brought by the H-impurity. Thus, the creation of a lo­
cal charge is enforced by graphene’s electronic struc tu re  
for the  im purity  in a b-site saddle point configuration. 
As a consequence, a strong tendency to  ionic bonding 
w ith graphene decreases m igration barriers, while m igra­
tion  preferably neu tral covalently bond im purities is sup­
pressed.
This tendency explains experim ental findings of 
charged im purities moving alm ost freely on graphene 
[12, 29] and experim ents suggesting considerable m igra­
tion  barriers for H adsorbates [18, 30]. The fact th a t clus­
terization  of im purities on graphene strongly suppresses 
their contribution  to  the resistivity  [31] makes covalently 
bond im purities one n a tu ra l candidate to  m ain source of 
scattering lim iting the electron m obility in graphene. It 
is essential th a t, as dem onstrated  here, these im purities 
frequently have quasilocal peaks nearby the neutra lity  
point — not accidentally bu t enforced by symmetry.
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